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Proteins are targeted to the membrane and matrix of
peroxisomes by distinct pathways. Recent observations
suggest a further route: a subset of peroxisomal
membrane proteins might be targeted first to the
endoplasmic reticulum, and from there to peroxisomes
by vesicle-mediated transport.
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Peroxisomes are ubiquitous organelles of eukaryotic cells
which in recent years have begun to attract the interest of
a broad range of scientists. This has not always been the
case. Discovered morphologically 45 years ago, peroxi-
somes were for more than two decades the cinderella
among cellular compartments. Now peroxisomes are
known to be functionally dynamic, multi-purpose
organelles, and interest in these organelles is intensified
by the recognition that genetic defects that impair their
function are responsible for a mostly lethal group of human
inborn errors, the peroxisomal disorders (reviewed in [1]).
Compared with the dramatic advances that have been
made in elucidating how mitochondria and chloroplasts
are formed, our understanding of peroxisome biogenesis
has progressed rather slowly. While early studies
suggested that peroxisomes are formed by budding off
from the endoplasmic reticulum (ER) [2], evidence
accumulated in the mid-eighties was incompatible with
this view and led to the generally accepted ‘growth and
division’ model of Lazarow and Fujiki [3]. According to
this model, new peroxisomes arise exclusively by budding
and fission of pre-existing ones. Key evidence for this
came from experiments indicating that peroxisomal matrix
and membrane proteins are synthesized on free ribosomes
and post-translationally imported into the organelles
(reviewed in [3]).
The ‘growth and division’ model predicted the existence
of peroxisomal targeting signals, and of a molecular
machinery that recognizes these sorting signals and directs
appropriate proteins to, or across, the peroxisomal mem-
brane. In line with this assumption, two distinct peroxiso-
mal targeting signals, PTS1 and PTS2, have been
identified, either of which will target a protein from the
cytosol to the peroxisomal matrix. Import receptors have
also been characterized: Pex5p and Pex7p specifically rec-
ognize proteins bearing PTS1 or PTS2, respectively
(reviewed in [4]). A peroxisomal targeting signal for perox-
isomal membrane proteins has also been identified, but
not yet characterized in detail [5]. 
The import receptors for the PTS1 and PTS2 were
identified among the nineteen known PEX gene products,
known as peroxins, which have been cloned by genetic
approaches from various yeast and mammalian cell types,
and have been shown to be required for peroxisome
biogenesis (reviewed in [6–8]). Our understanding of the
mechanisms by which peroxisomal matrix proteins are
imported has recently been greatly enhanced by the
discovery of Pex13p, Pex14p and Pex17p, the first three
identified components of the peroxisomal translocation
machinery for matrix proteins. Interestingly, Pex13p and
Pex14p provide binding sites for the two PTS receptors at
the peroxisomal membrane (reviewed in [8]).
Our view of peroxisomal protein topogenesis was changed
by the observation that peroxisomal matrix and membrane
proteins are directed to their site of action by different
pathways [9,10]. Mutant cells lacking components of the
translocation machinery are blocked in matrix protein
import, but still insert membrane proteins into residual
peroxisomal membranes (known as ghosts). This finding
strongly suggests that peroxisomal membrane biogenesis
occurs independently of protein import into the peroxiso-
mal matrix [9,10]. In this context, the four recent papers
discussed below [11–14] are of special interest.
An essential early ER-dependent step
In the course of studying the relationship between protein
secretion and peroxisome formation in the yeast Yarrowia
lipolytica, Titorenko et al. [11] identified mutants deficient
in protein secretion, in the dimorphic transition from the
yeast to the mycelial form, and in peroxisome biogenesis.
Extensive genetic and biochemical analyses of these
mutants revealed a very complex functional interdepen-
dence of these different processes. Some, but not all, of
the secretion-deficient mutants were found to be affected
in peroxisome biogenesis, and some of the peroxins are
also required for the delivery of mycelial-form-specific
proteins to the plasma membrane and the cell envelope.
Mutations in the genes SEC238, SRP54, PEX1, PEX2,
PEX6 and PEX9 affect protein secretion, prevent exit of
the precursor form of alkaline extracellular protease from
the ER, and compromise the biogenesis of peroxisomes.
Most interestingly, mutations in four out of the six
genes — SEC238, SRP54, PEX1 and PEX6 — lead to an
accumulation of the peroxisomal membrane proteins
Pex2p and Pex16p in the ER. Titorenko et al. [11] suggest
that the mutations prevent, or significantly delay, the exit
of these proteins from the ER en route to the peroxisome.
Furthermore, mutations in PEX5, PEX8 (formerly called
YlPEX17) and PEX16 affect the export of plasma
membrane and cell-wall-associated proteins specific for
the mycelial form of Y. lipolytica, but do not impair exit
from the ER of Pex2p or Pex16p, or of proteins destined
for secretion. 
These findings led Titorenko et al. [11] to conclude that
an early, ER-dependent step is essential for the biogenesis
of the peroxisomal membrane, and that at least two
secretory pathways — for the export of proteins to the
external medium and for the delivery of proteins for
assembly of the peroxisomal membrane — diverge at the
level of the ER. These are intriguing results, although at
present it is difficult to decide whether the observations
reflect indirect or direct consequences of the various
mutations. A mechanistic analysis of the various genes and
their gene products thus needs to be conducted in order to
assess the importance of these findings. The roles of the
two AAA — ‘ATPase associated with diverse cellular
activities’ — peroxins, Pex1p and Pex6p, in particular, will
be of great interest (see below).
Glycosylation and the ER association of Pex15p
Elgersma et al. [12] recently reported the identification of
Pex15p, a phosphorylated and tail-anchored type II perox-
isomal membrane protein which is required for the
biogenesis of peroxisomes in the budding yeast Saccha-
romyces cerevisiae. Pex15p is the first peroxin shown to be
post-translationally modified. The importance of the
phosphorylation of Pex15p for its function in peroxisome
biogenesis has not yet been elucidated. Cells lacking
Pex15p are characterized by the mislocalization of peroxi-
somal matrix proteins to the cytosol, while peroxisomal
membrane proteins are still targeted to peroxisomal rem-
nants. Overexpression of Pex15p results in impaired per-
oxisome assembly, and causes a profound proliferation of
endomembranes which contain Pex15p as well as at least
one other peroxisomal membrane marker.
From the continuity of the proliferated membranes with
the nuclear envelope, Elgersma et al. [12] suggest that they
most likely originate from the ER. Nevertheless, the defini-
tive proof of the ER origin of these membranes, for
example by double labeling with peroxisomal and ER
markers, remains to be obtained. In this respect, the
observed O-glycoslylation of overexpressed Pex15p
provides a strong indication that the protein’s carboxy-
terminal tail indeed protrudes into ER membranes. Fur-
thermore, a Pex15p–invertase fusion protein was shown to
be N-glycosylated, even when expressed at the endogenous
protein level. From these results, the authors conclude that
the association of Pex15p with ER membranes is more
likely to reflect a normal step in the protein’s topogenesis
than an artificial mislocalization caused by its overexpres-
sion. Thus, Pex15p might be targeted to both peroxisomes
and the ER, or to peroxisomes via the ER.
A role for vesicle-mediated transport?
Faber et al. [13] have recently reported the first functional
analysis of Pex1p and Pex6p in Pichia pastoris. These two
AAA peroxins were found to form a heterodimeric
complex of 320–400 kDa. This interaction requires ATP,
but not ATP hydrolysis. Subcellular fractionation showed
that Pex1p and Pex6p are predominantly associated with
membranous subcellular structures distinct from
peroxisomes. The authors suggest that these structures are
small vesicles, and that the two AAA peroxins may serve
to juxtapose the vesicles for fusion. Successive rounds of
fusion would generate larger vesicles, which in turn could
mature into peroxisomes. Alternatively, the vesicles could
fuse with pre-existing peroxisomes to allow their growth.
Coatomer binding to rat liver peroxisomes
Passreiter et al. [14] have found that rat liver peroxisomes
recruit the small GTPase ‘ADP ribosylaton factor’ (ARF),
and all seven COPI coatomer subunits, in a strictly
GTPγS-dependent manner. Immunogold labeling of
coatomer subunits revealed cap-like patches on budding
and vesiculated peroxisomal structures. And cells express-
ing a temperature-sensitive version of the ε subunit of the
coatomer exhibited elongated tubular peroxisomes when
grown at the non-permissive temperature. These observa-
tions suggest that coatomer binding to peroxisomes may
be significant in the organelles’ biogenesis. Coatomer
binding to isolated peroxisomes was abolished on pre-
treatment of the organelles with protease, indicating that
the association is mediated by at least one protein on the
surface of the peroxisomal membranes. 
This putative linking protein was suggested to be Pex11p,
a major constituent of the peroxisomal membrane, and one
with a cytoplasmically exposed, carboxy-terminal dilysine
motif that has the potential to be a coatomer-binding site.
Overexpression of Pex11p in chinese hamster ovary
(CHO) cells resulted in an increase in the number, but
decrease in the size, of peroxisomes, while a deficiency of
Pex11p in yeast cells led to the occurrence of giant peroxi-
somes [15,16]. The authors suggest that these phenotypic
changes can be explained if coatomer has a role in peroxi-
some fission, or in the formation of vesicles for the
retrieval of ER-resident peroxisomal membrane proteins
(if the ER is indeed a donor organelle for these proteins). 
An integrated model for peroxisome biogenesis
The results reported in all four recent papers [11–14] are
consistent with the view that, in addition to the protein
R300 Current Biology, Vol 8 No 9
transport pathways from the cytosol to peroxisomes, a
subset of peroxisomal membrane proteins might reach
their final destination by taking a third route, via the ER
(Figure 1). The evidence for this includes: the glycosyla-
tion and ER association of Pex15p and Pex15p–invertase
hybrid proteins [12], the accumulation of peroxisomal
membrane proteins in the ER in defined pex– and sec–
mutant yeast cells [11], the observation of AAA-peroxin-
associated vesicles distinct from peroxisomes [13], the
apparent coatomer involvement in peroxisome biogenesis
[14], and the ER proliferation upon overexpression of
Pex3p or Pex15p [12].
Interestingly, the first 16 amino acids of Pex3p from
Hansenula polymorpha have been reported to target a
reporter protein to the ER [17]. Pex3p and Pex15p are
thus suspected to take the ER-dependent route to
peroxisomes. It is tempting to speculate, as has been done
earlier [8,18], that the peroxisomal membrane proteins
that are initially targeted to the ER might be involved in
the earliest stages of peroxisome biogenesis (Figure 1).
Furthermore, these ‘early peroxins’ might themselves be
involved in the subsequent transport of other peroxisomal
proteins from the ER to peroxisomes. 
But how would these initially ER-resident ‘early peroxins’
reach their peroxisomal destination? By analogy to
transport from the ER to the Golgi, the transport of
proteins from the ER to peroxisomes may be vesicle-medi-
ated. Evidence for a vesicle-mediated step in peroxisome
assembly comes from the identification of vesicles contain-
ing the peroxins Pex1p and Pex6p [13]. As mentioned
before, these peroxins belong to the AAA family of pro-
teins, members of which have been shown to be involved
in homotypic and heterotypic fusion of ER-derived or
Golgi-derived vesicles [19–21]. So the AAA peroxins might
also be involved in a vesicle-fusion step essential for per-
oxisome assembly. It is tempting to speculate that this
step might be the heterotypic or homotypic fusion of pre-
peroxisomal ER-derived vesicles. In support of this is the
finding [11] that a lack of Pex1p or Pex6p led to an accu-
mulation of peroxisomal membrane proteins in the ER.
Whether Pex1p/Pex6p-containing vesicles are indeed
mediators of protein transport from the ER to peroxisomes
will be a challenge for future research. 
Although the functional significance of ARF and coatomer
binding to peroxisomes [14] remains to be determined,
this remarkable observation, in conjunction with the
reported ‘ER–peroxisome axis’, might change our current
understanding of peroxisome biogenesis as well as our
view on peroxisomes as independent entities. According
to the widely accepted view, new peroxisomes originate
by division of pre-existing peroxisomes. The existence of
a vesicle-mediated pathway from the ER to peroxisomes
opens the possibility that these organelles may also be
generated de novo. 
In conclusion, peroxisomes might be more closely related to
other ER-derived organelles than previously imagined. The
ER targeting of ‘early peroxins’, the anterograde vesicle-
mediated transport of peroxisomal membrane proteins from
the ER to peroxisomes, and the retrograde vesicle-mediated
transport from peroxisomes to the ER might be features of
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Figure 1
An integrated model of peroxisome
biogenesis. In addition to the distinct transport
routes from the cytosol to peroxisomes for
peroxisomal membrane and matrix proteins
[9,10] — paths (2) and (3), respectively — a
subset of peroxisomal membrane proteins
might be targeted to peroxisomes via the
ER — path (1). The ER targeting of these
probable ‘early peroxins’, anterograde vesicle-
mediated transport of peroxisomal membrane
proteins from the ER to peroxisomes (a), and
retrograde vesicle-mediated transport from
peroxisomes to the ER (b) might be new
features of peroxisome biogenesis [11–14]
that need to be added to the original growth
and division model (c).
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peroxisome biogenesis which need to be added to the
growth and division model (Figure 1). At present, however,
the aim of such a modified model is more to highlight
urgent questions rather than to give conclusive answers. 
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